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Highlights: 
- Cu is toxic to Tabellaria flocculosa (T. flocculosa) at environmental relevant 
concentrations 
- Low Cu concentration induces oxidative stress, but antioxidant and detoxifying 
mechanisms are not activated 
- Moderate Cu concentration leads to a reconfiguration of the metabolome  
- High stress induces the antioxidant response, inactivates enzymes and increases 
cellular damage 
-  New specific markers of Cu toxicity are suggested 
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Abstract: 
Metals are a recognised threat to aquatic organisms but the impact of metals such as 
copper (Cu) on benthic freshwater diatoms is poorly understood, even if diatoms are 
commonly used as water quality indicators. Our study aimed to elucidate the cellular 
targets of Cu toxicity and the mechanisms cells resort to counteract toxicity and to 
increase tolerance to Cu. A concerted approach analysing the biochemical, physiological 
and metabolome alterations in diatom cells was conducted by exposing the freshwater 
diatom Tabellaria flocculosa to 0.3, 6 and 10 µg Cu/L.  Cu was already toxic to T. 
flocculosa at concentrations common in environments and which are not usually 
considered to be contaminated (0.3 µg Cu/L). Under Cu impact, the metabolome of T. 
flocculosa changed significantly, especially at high concentrations (6 and 10 µg Cu/L).  
Cu toxicity was counteracted by increasing extracellular immobilization (EPS, frustulins), 
antioxidant (SOD, CAT) and detoxifying (GSTs) enzymes activity and low molecular 
weight antioxidants (GSH). These mechanisms were fuelled by higher energy production 
(increased ETS activity). At the highest Cu concentration (10 µg/L), these processes 
were specially enhanced in an attempt to restrain the oxidative stress generated by high 
intracellular Cu concentrations. However, these mechanisms were not able to fully 
protect cells, and damage in membranes and proteins increased. Moreover, the 
decrease of hydroxylamine and unsaturated fatty acids and the increase of saturated 
fatty acids, 2-palmitoylglycerol, glycerol and diterpenoid compounds should be tested as 
new specific markers of Cu toxicity in future studies. This information can support the 
prediction of diatom behaviour in different Cu contamination levels, including highly 
impacted environments, such as mining scenarios, and may assist in environmental risk 
assessment policies and restoration programs. 
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1. Introduction: 
Metal excess remains one of the most noteworthy anthropogenic-caused stress factor in 
aquatic ecosystems (Allan and Castillo, 2007; Millennium Ecosystem Assessment, 2005; 
Ritter et al., 2008). Copper (Cu), in particular is released to the environment by different 
sources, mainly mining and agriculture (Hogsden and Harding, 2012; Johnson and 
Hallberg, 2005). CuSO4 is frequently used to control fungal infections in crops, for 
example in vineyards, due to its fungicide properties (Viana and Rocha, 2005). 
Applications of CuSO4 usually end up draining in the surrounding waters, increasing the 
concentrations of soluble Cu ions, with serious impacts on photosynthetic 
microorganisms (Jamers et al., 2013a).   
Diatoms are one of the most important groups of algae and often dominant in a diverse 
range of habitats (van den Hoek et al., 1995). Diatoms proved useful as an indicator 
group for water quality assessment, and are a  mandatory group for monitoring under 
the Water Framework Directive, WFD (Directive 2000/60/EC), (Kelly et al., 2009, 2012). 
The shift of species composition due to changes in the environment is commonly used 
to evaluate water quality in monitoring programs (Kelly et al., 1998; Lavoie et al., 2008; 
Teittinen et al., 2015). However, common diatom-based indices and metrics do not 
evaluate metal contamination, thus it is necessary to develop tools to help evaluating 
and monitoring efficiently the stress caused by metals in aquatic ecosystems. It has been 
shown that diatom cell size and deformities might be good indicators of metal pollution 
(Ferreira da Silva et al., 2009; Ivorra et al., 2002; Luís et al., 2014, 2009; Morin et al., 
2012; Pandey and Bergey, 2016), and several studies reported biochemical and 
physiological effects of metals on freshwater species and communities (Bonet et al., 
2013, 2012; Branco et al., 2010; Corcoll et al., 2012; Leguay et al., 2016; Santos et al., 
2013). Nevertheless, most of these studies do not explore the cellular processes 
occurring under high metal conditions, or explain tolerance levels that certain diatom 
strains present (Ivorra et al., 2002). Additionally, the tools used in these studies are not 
specific to assess metal stress. 
There is plenty literature evaluating Cu effects on algae including diatoms, but these are 
mainly marine diatom species (Contreras et al., 2005; Debelius et al., 2009; Florence et 
al., 1983; Mallick, 2004; Nielsen and Wium-Andersen, 1970; Rijstenbil et al., 1994; Ritter 
et al., 2010, 2008; Stauber and Florence, 1987; Torres et al., 2008).  Only a few studies 
report Cu effects on freshwater diatom species (Knauert and Knauer, 2008; Nielsen and 
Wium-Andersen, 1970; Tripathi et al., 2006). Most of these studies were published in the 
seventies and eighties, using very high concentrations of Cu (in the range of mg/L to 
hundreds of µg/mL) (Bringmann and Kühn, 1980; Brown and Rattigan, 1979; Elder and 
Horne, 1978; Laube et al., 1980; Nielsen and Laursen, 1976; Nielsen and Wium-
Andersen, 1970; Walbridge, 1977; Young and Lisk, 1977) and evaluating mostly 
physiological and biochemical parameters in separate. To our best knowledge, there are 
few studies that evaluated alterations at the metabolomic level. Recently, Jamers et al. 
(2013) described the response of the green alga Chlamydomonas reinhardtii to Cu 
toxicity using a transcriptomic and metabolomic integrated approach. Results of that 
study evidenced changes at the physiological level at low Cu concentrations and effects 
on growth and metabolome at higher concentrations. However the methodology used 
(Nuclear magnetic resonance, NMR, spectroscopy) was not sensitive to Cu toxicity 
(Jamers et al., 2013a).  
In European streams, average Cu concentrations vary between 0.23 µg/L to 14.6 µg/L 
(Salminen et al., 2005). However, in highly polluted sites such as mining areas, the 
concentrations may reach the mg/L range (Larson, 2010). In this context a question 
emerges: At what concentration does Cu stops being beneficial and becomes toxic? 
Based on the Water Framework Directive (Directive 2000/60/EC) and the daughter 
directive on Priority Substances (Directive 2008/105/EC), each EU member state 
implemented a national strategy against water pollution. The national legal document 
that classifies water quality in Sweden (HVMFS, 2016), defines Cu concentrations above 
12 μg/L as toxic for freshwater habitats, resulting in a classification of “less than good 
ecological status” (HVMFS, 2016). If the Cu concentration in the water is less than 12 
μg/L, but higher than 0.5 μg/L, a model is used to calculate the bioavailable Cu, and if 
the bioavailable Cu is higher than 0.5 μg/L the streams are also classified as “less than 
good” (HVMFS, 2016). For example, other threshold values for Cu concentration are 
defined  for Portugal (7.8 µg Cu/L)(APA, 2016).  
Diatom cells possess mechanisms to protect them from different stresses. Chloroplasts, 
mitochondria and some enzymes naturally produce reactive oxygen species (ROS) 
(Mallick, 2004). Since ROS are toxic to cells above threshold levels,  cells have 
mechanisms to scavenge ROS, such as enzymes (SOD and CAT) and low molecular 
weight molecules (glutathione) with antioxidant activity, and to minimize ROS toxicity, 
such as biotransformation enzymes (GSTs) (Mallick and Mohn, 2000).   
Cu has important biological functions, being a  cofactor of several metalloenzymes 
(Hänsch and Mendel, 2009), such as the Cu/Zn SOD, a component of the photosynthetic  
electron carrier plastocyanin (Borowitzka et al., 2016; Jamers et al., 2013b; Peers and 
Price, 2006), a receptor of ethylene or involved in Mo-cofactor biosynthesis (Rodríguez 
et al., 1999 in Hänsh and Mendel 2009). However, excessive Cu concentrations are toxic 
and cells possess mechanisms to minimize metal toxicity, as extracellular immobilization 
(exopolysaccharides and frustulins), restriction of metal ions transport into the cell, 
intracellular precipitation and chelation (Branco et al., 2010; Figueira et al., 2014; Pinto 
et al., 2003; Regoli and Giuliani, 2014; Santos et al., 2013). When these mechanisms 
fail to reduce Cu concentrations, ROS increase and oxidative stress overcomes (Virgilio 
Perales - Vela et al., 2006), compromising not only membrane integrity (lipid 
peroxidation) (Mallick, 2004; Mallick and Mohn, 2000), but also interacting with nucleic 
acids and proteins (protein carbonylation), damaging inflicted cells (Regoli and Giuliani, 
2014; Tripathi et al., 2006) 
Damage and induction of defense mechanisms can be monitored and used as 
biomarkers of oxidative stress (Branco et al., 2010; Figueira et al., 2014; Santos et al., 
2013). However, these markers are common to all conditions that induce oxidative 
stress, such as UV light, pesticides, polycyclic aromatic hydrocarbons, polychlorinated 
biphenyls, pharmaceuticals, nanomaterials, or metals. Thus, parameters that specifically 
mark metal toxicity, and Cu effects in particular, would be important to evaluate the 
contribution of each contaminant to the overall impact observed in multi-impacted 
environments.  
Metabolite profiling analysis has until now  focused mainly on the identification the 
metabolites of algae with economic value (Jamers et al., 2009),  while the environmental 
perspectives have been poorly explored (Johnson et al., 2017;). The metabolite profiling 
approach is a powerful tool to characterize organisms’ cellular response to environmental 
stress stimuli. The identification of the  changes in specific metabolites may elucidate  
the metabolic pathways involved in the response to a specific stress (Borowitzka et al., 
2016; Heydarizadeh et al., 2013; Jamers et al., 2009; Serra-Compte et al., 2017; Viant, 
2009) and may help find biomarkers to specific contaminants such as Cu.  
The combination of biochemical, physiological and Omics analysis may evaluate more 
accurately the impacts of stressors, such as Cu in freshwater ecosystems than each 
approach alone (Branco et al., 2010; Dyhrman et al., 2012; Jamers et al., 2013a, 2009; 
Morelli and Scarano, 2001; Pinto et al., 2003; Rijstenbil et al., 1994). Thus, this study 
aims to explore the responses of the freshwater diatom Tabellaria flocculosa (Roth) 
Kützing to environmentally relevant Cu concentrations, using a multidimensional 
(biochemical, physiological and metabolomic) approach. Experiments were carried out 
using T. flocculosa isolated from a stream with 6.2 µg Cu/L and pH 5.0 and exposing 
diatom cells to Cu concentrations representing environments with low (0.3 µg/L) to 
relatively high Cu contamination (10 µg/L). The use of a diatom isolated from a 
contaminated site was intentional, as we aimed at understanding which mechanisms 
underlie Cu tolerance, and which markers can reflect Cu impact.  The parameters 
evaluated included growth, cell damage (LPO, and PC), physiological alterations 
(proteins, EPS, frustulins, ETS), antioxidant (SOD, CAT GSH and GSSG) and 
biotransformation (GSTs) response.  Metabolite profiling obtained through Gas 
Chromatography- Mass Spectrometry (GC-MS) was also used. To our knowledge, such 
an integrated approach for studying Cu effects on a freshwater benthic diatom was never 
carried out before, and results might deliver new and specific markers of Cu toxicity.   
 2. Material & Methods:   
2.1 Region characterization, diatom isolation, cultivation and growth: 
Dalarna, a geographical region in Sweden, is known for metal exploitation  (Larson, 
2010).  The region contains old (approx. 1000 years) and new mines and an history of 
mine effluents draining into the surrounding waters (Larson, 2010). According to the 
report from Dalarna’s Administration County Board (2010), in some river sites Cu 
concentration in water may be above 580 µg/L, with a measured maximum of 1800 µg/L.  
The species used in this study, Tabellaria flocculosa, was isolated from a stream in this 
region with 6.2 µg Cu/L  and pH~5 (water parameters summarized in supplementary 
table S1). The isolation of a single cell was performed by the micropipette technique, 
isolated cells were grown on agar plates (Andersen, 2005; Round et al., 1990), followed 
by transfer to WC (Wright’s cryptophyte) liquid medium (Guillard and Lorenzen, 1972)  
and acclimatized during 6 months. T. flocculosa culture is now part of the Swedish 
University of Agricultural Sciences diatom culture collection (reference number D9). 
The strain was pre-cultured in WC medium at pH 5, until exponential growth was 
reached. Cells at exponential growth were used for Cu experiments by transferring 
approximately 250 000 cells to new sterile flasks containing 250 ml of WC modified 
medium (1000 cells/mL), supplemented with different Cu concentrations. The 
experiments were performed at 20 ± 2 °C with a 12 h/12 h light/dark cycle at 75 μmol/m2/s 
in WC medium, added nominal Cu concentrations of 0, 0.3, 6 and 10 µg/L (added as 
CuSO4) during 96h. The WC medium was modified by using 1/10 of the EDTA/trace 
metal solution to ensure that the added Cu would be present mainly as free ions instead 
of chelated by EDTA (calculations done by Visual MINTEQ ver. 3.0). Cu concentration 
in WC medium alone (control) was 1 µg/L, thus, final nominal concentrations were 1, 1.3, 
7 and 11 µg Cu/L. Along the document, we refer to the nominal concentrations. Twelve 
independent experiments were carried out with 3 to 5 replicates per condition. At the end 
of exposure time, 1 mL of each Erlenmeyer was preserved with Lugol’s solution for cell 
counting. Cell density was measured by direct counting in a Neubauer chamber using 
Nikon Eclipse 80i microscope.  
The concentrations for Cu exposure were chosen considering modelled values of 
average Cu concentrations common in Europe (Salminen et al., 2005), concentrations 
in the Swedish national monitoring system of reference sites (HVMFS, 2016), 
concentrations in mining impacted areas (e.g. Larson 2010) and recommendations for 
threshold values for risk assessment of Cu (HVMFS, 2016). Measured concentrations in 
the Swedish national monitoring system of reference sites are on average 0.5 µg/L, 
values up to 3 µg/L in non-impacted streams are not uncommon (HVMFS, 2016), which 
fits quite well with our nominal control concentration of Cu in the WC medium (1 µg/L). 
Cu concentration of 0.3 µg/L was chosen as a median concentration occurring in 
European streams, and 6 and 10 µg Cu/L as concentrations commonly recorded in metal 
contaminated streams (Salminen et al., 2005). Selection of 10 µg Cu/L ensured sufficient 
biomass for analyses, and not a total growth inhibition of TFLO cells.  
 
2.2  Cu quantification: 
Cell cultures were centrifuged at 5000 rpm for 15 min. Cell pellets were re-suspended in 
deionized water, vortexed and centrifuged again. The washing procedure was repeated 
two more times to ensure the removal of all the Cu from the culture medium. Pelleted 
cells were re-suspended in 3 ml EDTA (0.1 M pH 7.8) and incubated overnight, at 4ºC 
under agitation (150 rpm). Incubated cells were centrifuged (9000xg, 2 min, at 4ºC), the 
supernatant discarded and the cell pellets re-suspended in deionized water, vortexed 
and centrifuged again as described by Santos et al. (2013). Cell pellets were re-
suspended in 1ml of potassium phosphate buffer (50 mM pH 7.0, 1mM EDTA, 1% (v/v) 
Triton X-100, 1% (w/v) PVP, and 1mM DTT) and ultra-sonicated for 20 s at 0.5 cycles. 
The suspension was centrifuged at 10,000×g at 4 ºC for 10 min and supernatant 
collected. HNO3 65% (100µl) was added to the supernatant and deionized water was 
added until a final volume of 5 ml was reached.  Cu intracellular concentrations were 
quantified by ICP-MS. 
 
2.3 Lipid peroxidation (LPO) 
LPO was measured by quantification of thiobarbituric acid reactive substances (TBARS), 
according to the protocol described by Buege and Aust (1978). T. flocculosa cells were 
harvested and washed as described in section 2.2. The pellet was suspended in TCA 
(20%), sonicated and centrifuged as in section 2.2. Absorbance was measured at 535 
nm (Ɛ = 1.56 × 105M /cm). Results were expressed in µmol of MDA equivalents per 
million cells (µmol MDAeq /M cells). 
 
2.4 Proteins 
Intracellular proteins (Prot) 
Protein concentration was measured following the method described by Bradford (1976) 
and adapted by Spector (1978). T. flocculosa cells were harvested, washed and 
supernatant extracted as described in section 2.2. Protein quantification took place at 
595 nm with a microplate reader, using bovine serum albumin (BSA) as standard. 
Results were expressed in milligram protein per million cells (mg protein /M cells). 
Frustulins (Frust) 
Frutulins’ extraction was prepared as described by Kröger et al., (1994) and adapted by 
Santos et al. (2013). Harvested and washed cells (section 2.2) were re-suspended in 3 
ml EDTA (0.1 M pH 7.8) and incubated overnight, at 4ºC under agitation (150 rpm). 
Incubated cells were centrifuged (9000xg, 2 min, at 4ºC) and the supernatant 
absorbance read at 280nm (Noble and Bailey, 2009). Results were expressed in µg 
protein per million cells (µg protein /M cells). 
Protein carbonylation (PC) 
Carbonyl groups (CG) in proteins were quantified based on the method described by 
(Mesquita et al., 2014). In the same cell extracts used for intracellular protein 
determination, the amount of CG was quantified spectrophotometrically at 450 nm (Ɛ = 
22 308M /cm) and results were expressed in nmol of CG per million cells (nmol CG /M 
cells). 
 
2.5 Electron chain transport system activity (ETS) 
ETS activity was measured based on King and Packard (1975) method with 
modifications described by De Coen and Janssen (1997). Cells were harvested and 
washed as in section 2.2. Pelleted cells were sonicated and centrifuged also as in section 
2.2. The absorbance was read at 490 nm. The amount of formazan formed was 
calculated using the molar extinction coefficient of formazan (15900 M /cm) and the 
results were expressed in µmol of formazan per million cells (µmol /M cells). 
 
2.6 Attached and non-attached exopolysaccharides (EPS) 
Undisturbed culture medium (non-attached) and cell attached EPS were determined 
using Staats et al. (2000) procedure adapted by Santos et al. (2013). Attached and non-
attached EPS were determined by the phenol-sulphuric acid colorimetric method 
(DuBois et al., 1956). The absorbance was measured at 490 nm using sucrose as 
standard. Results were expressed in µg saccharides per million cells (µg /M cells). 
 
2.7 Antioxidant response 
Superoxide dismutase activity (SOD) 
Harvested and washed cells (section 2.2) were re-suspended in extraction buffer (50 mM 
potassium phosphate, pH 7.0, 1mM EDTA, 1% (v/v) Triton X-100, 1% (w/v) PVP, and 
1mM DTT) and sonicated for 20 s at 0.5 cycles. The extract was centrifuged at 10,000×g 
at 4ºC for 10 min. The method of Beauchamp and Fridovich (1971)  was followed with 
slight modifications (Branco et al., 2010). The absorbance was measured at 560 nm 
using a standard curve with SOD standards (0-1.5 U/mL). Results were expressed in 
enzyme units per million cells (U /M cells). 
Catalase activity (CAT) 
Cell extract was obtained using the procedure described for SOD. CAT activity was 
determined by the method of Johansson and Håkan Borg (1988) adapted by Branco et 
al. (2010).  The absorbance was measured at 540 nm using formaldehyde as standards 
(0-60 µM). Results were expressed in milliunits per million cells (mU /M cells). 
Glutathione S-transferase activity (GSTs) 
Cell extract was obtained using the procedure described for SOD. GSTs activity was 
determined by the method of Habig and Jakoby (1981) using CDNB (2,4-
dinitrochlorobenzene) as substrate.  The thioether (Ɛ =9.6 mM /cm) can be monitored by 
the increase of absorbance at 340nm.  Results were expressed in milliunits per million 
cells (mU /M cells).  
Glutathione content 
Cell extract was obtained using the procedure described for SOD, but pelleted cells were 
suspended in a different extraction buffer (0.1% Triton X-100, 0.6% sulphosalicylic acid 
in KPE buffer (0.1M phosphate buffer, 5Mm EDTA, pH= 7.5)).  Glutathione content was 
quantified as described by Rahman et al. (2006). GSH and total GSH were determined 
by measuring at 412 nm the TNB (2-nitro-5-thiobenzoate) formed. Oxidized glutathione 
was estimated as the difference between total and reduced glutathione 
(GSSG=2(GSHT-GSH)), since one molecule of GSSG is formed by the oxidation of two 
GSH.  Results were expressed in nmol GSH or GSSG per million cells (nmol /M cells). 
 
2.8  Metabolite profiling by GC-MS 
Sample preparation 
Sample preparation was performed according to Gullberg et al. (2004) using 300 µL of 
extraction buffer (20/20/60 v/v chloroform:water:methanol) including internal standards 
which were added to 1 million T. flocculosa cells. At the end of the procedure, 250 µL of 
supernatant was transferred to a microvial and solvents were evaporated. 
Derivatization 
Derivatization of the previous samples was performed according to Gullberg et al. (2004) 
using a volume of 7.5 µL of methoxyamine, MSTFA (N-methyl-N-
trimethylsilytrifluoroacetamide) and methyl stearate solution instead of 30 µL. 
Analytical procedure  
Gas chromatography with mass spectrometry analysis was performed as described 
previously (Gullberg et al., 2004; Nordström and Lewensohn, 2010). In detail, 1 µL of the 
derivatized sample was injected splitless (or split 1:20) by an CTC Combi Pal Xt Duo 
(CTC Analytics AG, Switzerland) autosampler/robot into an Agilent 7890A gas 
chromatograph equipped with a 30 m × 0.25 mm i.d. fused-silica capillary column with a 
chemically bonded 0.25 μm DB 5-MS UI stationary phase (J&W Scientific, Folsom, CA). 
The injector temperature was 260 °C, the purge flow rate was 20 mL/min, and the purge 
was turned on after 75 seconds. The gas flow rate through the column was 1 mL /min, 
and the column temperature was held at 70 °C for 2 min, followed by an  increase of 20 
°C /min until 320 °C, and held at 320ºC for 8 min. The column effluent was introduced 
into the ion source of a Pegasus HT time-of-flight mass spectrometer, GC/ToFMS (Leco 
Corp., St Joseph, MI). The transfer line and the ion source temperatures were 250 and 
200 °C, respectively. Ions were generated by a 70 eV electron beam at an ionization 
current of 2.0 mA, and 20 spectra /s were recorded in the mass range m/z 50−800. The 
acceleration voltage was turned on after a solvent delay of 290 seconds. The detector 
voltage was 1500-2000V. 
Data analysis  
MS-files from the obtained metabolic analysis were exported from the ChromaToF 
software in NetCDF format to MATLABÔ R2011b (Mathworks, Natick, MA, USA), where 
all data pre-treatment procedures, such as base-line correction, chromatogram 
alignment, data compression and Hierarchical Multivariate Curve Resolution (H-MCR), 
were performed using custom scripts according to Jonsson et al. (2006). The extracted 
mass spectra were identified by comparisons of their retention index and mass spectra 
with libraries of retention time indices and mass spectra (Schauer et al., 2005). All 
multivariate statistical investigations (PCA- Principal Component Analysis, OPLS-DA- 
Orthogonal Projections to Latent Structures Discriminant Analysis) were performed using 
the software package SIMCA version 13.0.2 (Umetrics, Umeå, Sweden). Identification 
of compounds was based on comparison with mass spectra libraries (in-house database) 
as well as retention index. 
 
2.9 Statistical analysis 
Hypothesis testing was performed by Permutation Multivariate Analysis of Variance 
(PERMANOVA) (Anderson et al., 2005). All data analysis was performed with the 
software PRIMERv6 (Clarke and Gorley, 2006)  with the add-on PERMANOVA+ 
(Anderson et al., 2008). To run the PERMANOVA tests we considered 9999 Monte Carlo 
permutations and pairwise comparisons between Cu conditions. Our null hypothesis 
was: different Cu concentrations (0.3, 6 and 10 µg /L) do not cause differences in T.  
flocculosa relatively to control condition. This hypothesis was tested for all parameters 
described in section 2, including metabolomic analysis. Values of p ≤ 0.05 revealed that 
conditions differed significantly, indicated in figures by different lowercase letters. 
Matrix gathering the biomarker responses (Growth, LPO, Prot, Frust, PC, ETS, EPS, 
SOD, CAT, GSTs, GSSG and GSH) was used to calculate the Euclidean distance 
similarity matrix. The data used to calculate the matrix was previously normalized and 
transformed (square root). The matrix was then simplified through the calculation of the 
distance among centroid based on the condition and then submitted to ordination 
analysis, performed by Principal Coordinates (PCO). Spearman correlation vectors (r> 
0.90) of T. flocculosa cells’ biochemical responses were superimposed on the top of the 
PCO graph. 
 
3. Results 
3.1 Growth  
Exposure to Cu for 96h induced significant growth differences at the highest 
concentrations (6 and 10 µg/L), with approximately 50% and 70% growth inhibition, 
respectively. Although not significant (p>0.05), at 0.3 µg/L, cells showed a 25% growth 
decrease compared to the control (Figure 1A). 
 
3.2 Cu concentration  
In the cytosol Cu was below detection limit (<0.04 µg/L) for the control (0) and 0.3 µg/L 
conditions. However, when growth medium was supplemented with 6 or 10 µg /L, 
cytosolic Cu concentrations were 0.04 and 0.18 µg/M cells, respectively (Figure 1B). 
Thus, in cells grown at 10 µg/L intracellular Cu increased 4.5-fold compared to the 6 µg/L 
condition. 
 
3.3 Cell damage: 
LPO tended to increase as cells were exposed to higher Cu concentrations (Figure 1C). 
Moreover, differences were significant (p<0.05) between the two lowest concentrations 
(0.3 and 6 µg/L) and the control. The highest levels of LPO were recorded at 10 µg/L, 
which were significantly higher compared to control (4.5-fold) and to 0.3 and 6 µg/L (~2-
fold). 
The increasing trend was also observed for PC as Cu concentrations increased (Figure 
1D). At 0.3 µg Cu/L, no significant differences were observed compared to the control 
(0). However, PC increased 2-fold at 6 µg/L, compared to 0 and 0.3 µg/L, and 3-fold at 
10 µg/L (Figure 1D).  
 
3.4 Physiological parameters:  
T. flocculosa cells did not show significant differences in protein content among all tested 
conditions. However, cells grown at 6 µg/L had 3-fold more protein than the remaining 
three conditions (Figure 1E).  
Control and 0.3 µg/L conditions presented similar levels of ETS activity (Figure 1F). 
Increases were observed at higher Cu concentrations. At 6 and 10 µg Cu/L, significant 
increases compared with 0 and 0.3 µg/L were observed. ETS activity was highest at 10 
µg Cu/L, with a 4-fold increase compared to 0 and 0.3 µg/L.   
The production of EPS attached and non-attached to the frustule showed that non-
attached represented less than 1% of total EPS, therefore they were considered not 
important and were not presented here. Attached EPS increased significantly in all Cu 
exposures compared to the control. At 0.3 and 6 µg/L, EPS increased 3 and 9-fold, 
respectively. The highest increase was observed at 10 µg/L (33 to 98-fold) (Figure 1G). 
Frustulins showed also an increasing trend as Cu concentrations in the medium 
increased, but changes were not significant among 0, 0.3 and 6 µg Cu/L (Figure 1H). At 
10 µg/L, a significant increase compared with the remaining conditions was found.  
 
3.5 Antioxidant and Biotransformation Response 
The highest SOD activity was recorded at 6 µg/L. No significant differences were found 
between 0 and 0.3 µg/L. Activity changed significantly compared to the control at 6 µg/L 
(4-fold increase) and 10 µg Cu/L (2-fold decrease) (Figure 2A).  
CAT activity increased with increasing Cu concentrations. Between 0 and 0.3 µg/L and 
between 6 and 10 µg/L no significant differences were observed. However, a 2 to 3-fold 
increase separates the lowest (0 and 0.3 µg/L) from the highest (6 and 10 µg/L) Cu 
concentrations.  
GSTs activity (biotransformation response) also showed and increasing trend as Cu 
concentrations increased, with significant differences at 6 (2-fold) and 10 µg/L (3.5-fold) 
compared to the control and 0.3 µg Cu/L (Figure 2C). 
Glutathione synthesis (GSH and GSSG) was induced by Cu. However, the increase at 
the lowest Cu concentration (0.3 µg/L) was not significantly different from the control both 
for GSH and GSSG (Figures 2D and 2E). Increases in GSH and GSSG were observed 
at higher Cu concentrations (6 and 10 µg/L) compared to the control for GSH (Figure 
2D) and for GSSG (Figure 2E).  
 
3.6 PCO biochemistry analysis   
Principal Coordinates (PCO) analysis resulting from applying a multivariate analysis to 
the biochemical and physiological determinants for each condition tested (0, 0.3, 6 and 
10 µg Cu/L) evidenced PCO1 as the main axis (85,8%) explaining the variation obtained 
between conditions (Figure 3). Along PCO1, three groups were clearly separated, 0 and 
0.3 µg/L on the negative side, 6 µg/L close to the origin of PCO1 axis and 10 µg/L on the 
positive side of the axis. PCO2, explained 12,9% of total variation, separating 6 µg/L in 
the positive side from the other three conditions on the negative side of the axis. From 
PCO analysis it is possible to observe that SOD activity was strongly correlated (r=0.92) 
with PCO2 and therefore more related with 6 µg/L. On the other hand, PC (r=0.94), ETS 
(r=0.96), GSSG (r=0.97) and LPO (r=0.97) were more correlated with PCO1 and 10 µg/L. 
Indeed, these four parameters increased at 10 µg Cu/L compared to the remaining 
conditions (0, 0.3 and 6 µg Cu/L). 
 
3.7 Metabolomics analysis 
Metabolomics’ analysis was able to separate 123 compounds (Supplementary table S2), 
from these, 102 compounds were found to differ significantly between Cu exposures, 
and thus those were further analysed. The sum of the peak area of all the compounds 
(123) showed a slight but not significant increase from 0 to 0.3 µg/L. At 6 µg/L, the total 
peak area was significantly higher compared to other conditions. At 10 µg/L, total peak 
area was not significantly different from 0 and 0.3 µg/L conditions (Figure 4A).  
The analysis of the compounds with significantly different peak areas between two 
conditions (Figure 4B) showed that the number of compounds varying between 
conditions was lower at 0 - 0.3 µg/L, 0.3 - 10 µg/L and 6 - 10 µg/L (<40). On the other 
hand, higher differences were observed at 0 - 6 µg/L (87), 0 - 10 µg/L (73) and 0.3 - 6 
µg/L (72). These results evidenced that the 6 µg Cu/L condition included many 
compounds changing peak areas relatively to the conditions with lower Cu 
concentrations (0 and 0.3 µg/L). Although the total peak area at 10 µg/L condition was 
similar to 0 and 0.3 µg/L, a higher number of compounds differed between  0 - 10 µg/L 
than between 0.3 – 10 µg/L.  
From the 102 compounds showing differences between conditions, 13 were not 
considered for the analysis of the chemical families (Figure 4C) since their identification 
was not possible. The remaining 89 were divided by chemical families.  Lipids, N-
compounds and terpenoids were the most representative families (Figure 4C). Lipid 
percentage was similar among 0, 0.3 and 6 µg/L conditions, increasing about 20 % at 10 
µg/L. Sugar percentage increased at the highest Cu concentration compared with other 
conditions. The percentage of N- compounds decreased between the control and the 
remaining conditions. Terpenoid compounds increased from 0 to 6 µg/L and decreased 
steadily between 6 and 10 µg/L (Figure 4C).  
The total peak area for each chemical family of compounds is presented in Figure 5. The 
variation at each Cu concentration compared to the control of the most biologically 
relevant compounds is also presented (c.f. Figure 5).  
The total peak area of lipids increased steadily with Cu concentrations (Figure 5A). 
Differences in the total peak areas were not significant between 6 and 10 µg/L, but these 
two conditions had significant higher lipid areas than 0.3 µg/L and especially 0 µg/L. 
Several types of lipids, such as: saturated, unsaturated, cyclic, branched and glycerol 
derivated were identified. Twenty-one saturated and 12 unsaturated where identified but 
the total area of both classes was similar at 0, 0.3 and 6 µg/L (Supplementary table S2). 
At 10 µg/L, the unsaturated decreased 30% relatively to the saturated lipids. The lipid 
compounds presented are fatty acids (FA) with 10 to 22 carbons. These lipids displayed 
two variation trends: some, in most cases unsaturated FAs, increased their total area at 
0.3 and 6 µg/L followed by a decrease at 10 µg/L. The other FAs increased with Cu 
exposure, especially at 6 and 10 µg/L, and most of them are saturated lipids, but  
Myristoleic acid (an unsaturated FA) also increased. Myristoleic acid, 1-Hexadecanol, 
Eicosanoic acid and 2-palmitoylglycerol displayed the most expressive increases at high 
Cu concentrations. Indeed, these compounds showed a 12.5, 5.9, 2.7 and 22.9-fold 
increase, compared to the control, respectively (c.f. Figure 5A).  
Although the relative percentage of N-compounds decreased with Cu (Figure 4C), the 
total peak areas were similar between 0 and 0.3 µg/L, increased at 6 µg/L and decreased 
at 10 µg/L (Figure 5B). About 58% of the N-compounds showing variations were amino 
acids. All the amino acids presented a maximum area at 6 µg/L and some decreased 
from 6 to 10 µg Cu/L to lower values than the control.  Serine was the only amino acid 
increasing for all the Cu exposures compared to the control. Arginine and Lysine (both 
positively charged) and Glutamine (polar amino acid) evidenced the most expressive 
decreases at 10 µg Cu/L compared to the control (c.f. Figure 5B). The non-amino acid 
N-compound hydroxylamine decreased steadily with increasing Cu concentrations and 
pyroglutamic acid showed a modest increase at 6 and 10 µg/L compared to the control 
(c.f. Figure 5B).    
The total peak area of sugar related compounds showed an increasing trend with Cu 
concentrations, not significant at 0.3 µg/L but significant at 6 and 10 µg/L compared to 
the control (Figure 5C). However, in this group distinct variations were observed. 
Exposure to Cu increased glycerol compared to the control (1.2 to 7.1-fold).  Sucrose 
showed a slight decrease at 0.3 µg/L compared to the control and increased 2.5 to 3.3-
fold at 6 and 10 µg/L, respectively. Other disaccharides and trisaccharides increased at 
0.3 and 6 µg/L and decreased at 10 µg/L. The disaccharide cellobiose showed a 20-fold 
increase at 6 and 10 µg/L conditions compared to the control. 
Identified terpenoids included diterpenoids, steroids and sterols (Figure 5D). The total 
peak area of terpenoids followed a similar trend of N-compounds, increasing until 6 µg 
Cu/L and decreasing from 6 to 10 µg/L, with the peak area at 10 µg/L not being 
significantly different from the control condition (Figure 5D). Several sterols followed this 
trend. The most abundant terpenoids (highest peak areas) were diterpenoids, all 
showing small increases at 0.3 µg/L (2-fold) and a 5 to 26-fold increase at 6 and 10 µg/L 
compared to the control. Phytol, a linear terpenoid and a component of chlorophylls, 
increased at 0.3 and 6 µg/L relatively to the control but decreased at 10 µg/L (c.f. Figure 
5D).  
Some identified compounds did not belong to any of the mentioned chemical families 
(Figure 5E). The overall trend of these compounds was similar to N-compounds and 
terpenoids increasing at 0.3 and 6 µg/L and decreasing at 10 µg/L.  For tris(2,4-di-tert-
butylphenyl) phosphate, an increasing trend was recorded for all Cu concentrations 
compared to the control. Glutaric acid also increased with Cu gradient (1.4 to 2.9-fold) 
but, for GABA, increases were noticed for 0.3 and 6 µg/L (1.2 and 2.4) followed by a 
decrease at 10 µg/L compared to the control (c.f. Figure 5E).  
 
4. Discussion 
In this study we assessed the impact of Cu on the freshwater diatom Tabellaria 
flocculosa by analysing biochemical, physiological and metabolomic alterations, as 
approaches to detect the effects of Cu in freshwater ecosystems.  Tolerance of T. 
flocculosa to Cu was relatively high compared to earlier assumptions that it would be 
sensitive to metals (Morin et al., 2008). Our strain must have developed efficient 
tolerance mechanisms, recorded in this laboratory study, allowing its survival at relatively 
high Cu concentrations, such as the concentrations found in the original site (6.2 µg 
Cu/L).  
Responses of T. flocculosa to Cu impact differed with the level of stress imposed. Cu 
induced toxic effects on T. flocculosa at low concentrations (0.3 µg Cu/L). However, not 
all the tolerance mechanisms were activated. At this concentration its full tolerance 
mechanisms are not yet activated. Growth was inhibited and LPO increased. Enzymatic 
antioxidant systems (SOD, CAT and GSTs) and soluble antioxidant molecules (GSH) 
were not activated. However, other antioxidants (diterpenoids) and extracellular 
immobilization (EPS) increased, counteracting Cu toxicity at this concentration.   
At 6 µg Cu/L tolerance mechanisms were fully activated. At this concentration the cellular 
metabolism (ETS) increased, probably providing energy to mitigate Cu toxicity. 
Enzymatic (SOD and CAT) and non-enzymatic (glutathione) antioxidant response was 
activated, diterpenoids, lipids and N-compounds continued to increase. All together 
these alterations were efficient enough to control oxidative stress, since LPO did not 
increase significantly relatively to 0.3 µg Cu/L. 
 Finally, under the highest Cu treatment (10 µg Cu/L), tolerance mechanisms were not 
sufficient to maintain a redox balance in the cell. We observed that T. flocculosa cells 
were under extreme stress, reflected by profound physiological (ETS, protein levels), 
biochemical and metabolic (generally decrease of amino acids and terpenoids) 
alterations, high membrane (LPO) and protein (PC) damage, inhibition of enzymatic 
activity (SOD), as shown by PCO analysis, and possibly interference in frustule peptides 
involved with diatom biosilification (decrease in hydroxylamine). Other mechanisms were 
maintained (CAT and glutathione), or even increased (GSTs, EPS, frustulins, 
diterpenoids), contributing to minimize the deleterious effects of Cu to T. flocculosa cells.  
1- Tolerance to Cu 
Previous field and mesocosm studies showed a decrease in algal abundance with Cu 
concentrations between 5-10 µg Cu/L(Leland and Carter, 1984) or a reduction in diatom 
species diversity at 30 µg Cu/L (Kaufman, 1982).  Several  studies assessed the effects 
of Cu exposure in algae but most did not use realistic Cu concentrations (mg/L range) 
for European streams (Viana and Rocha, 2005).  Additionally, most of the species used  
Nitzschia closterium and Asterionella glacialis (Stauber and Florence, 1987), 
Phaeodactylum tricornutum (Morelli and Scarano, 2004; Smith et al., 2014) and 
Ceratoneis closterium (Smith et al., 2014) are marine and will hardly reflect the conditions 
experienced by benthic diatom communities in freshwater streams.   Steeman-Nielsen 
& Wlum-Anderson (1970) were the exception, showing complete growth inhibition of the 
freshwater diatom N. palea exposed to 5 µg Cu/L. Most of the studies evaluated Cu 
effects by EC50  values, growth inhibition or   photosynthetic activity (reviewed in Viana 
and Rocha, 2005). In fact, all these studies evaluated the negative effects of Cu in algae. 
However, the use of different Cu concentrations, species from different environments 
(marine/freshwater), different exposure periods, different experimental set-ups and 
different endpoints makes it difficult to clarify the Cu impact on freshwater algae 
communities.  . 
2- Physiological and biochemical response 
Extracellular polysaccharides (EPS) was the only biochemical parameter significantly 
increasing at low Cu concentrations (0.3 µg/L). At 6 µg Cu/L both EPS and frustulins, 
showed an increasing trend, but it was at 10 µg Cu/L that a significant increase was 
observed. Both parameters were described in other studies as mechanisms of metals 
tolerance. Florence et al. (1983) reported the increase of EPS production in the marine 
diatom Nitzschia closterium in response to increasing Cu concentrations. The excretion 
of protective extracellular products, such as polysaccharides, by biofilms, seems to be 
responsible for reducing the sensitivity to Cu exposure (Admiraal et al., 1999; Real et al., 
2003; Sabatini et al., 2009). Frustulins increased more than 6-fold in N. palea exposed 
to Cd (Santos et al., 2013). However,  studies evaluating the response of frustulins in 
diatoms exposed to Cu was not yet presented. In our study, EPS and frustulins increase 
appears as a tolerance strategy to decrease the entrance of Cu into T. flocculosa cells, 
protecting them especially at high Cu concentrations. 
GSH and GSSG contents also increased at the highest Cu concentrations (6 and 10 
µg/L) in T. flocculosa,.These results are not supported by previous studies. GSH 
decreased under Cu impact in the green algae Chlamydomonas reinhardtii (Jamers et 
al., 2013a), Chlorella vulgaris (Mallick, 2004),  Chlorella pyrenoidosa (Stauber and 
Florence, 1987), and in the marine diatoms Nitzschia closterium and Asterionella 
glacialis (Stauber and Florence, 1987). Moreover, Smith et al. (2014), compared the 
glutathione content between Phaeodactylum tricornutum and Ceratoneis closterium, 
exposed to Cu (5 to 24 µg Cu/L) during 72h. Total glutathione increased in P. tricornutum 
but decreased in C. closterium and the GSH (reduced) content did not vary in P. 
tricornutum but decreased in C. closterium. Given the antioxidant properties of GSH and 
their involvement in both antioxidant (GPx) and biotranformation (GSTs) enzymes, the 
authors hypothesized that differences in the sensitivity to Cu observed between the two 
species could be related to differences in intracellular detoxification strategies, such as 
glutathione synthesis and oxidation status. These results confirmed the importance of 
glutathione in the diatom tolerance, helping to support the high tolerance of T. flocculosa 
to Cu. 
ROS scavenging mechanisms were not activated at 0.3 µg Cu/L, and although Cu was 
not detected intracellularly at this concentration, oxidative stress was higher than in the 
control and significant membrane damage (LPO increase) was observed. The activation 
of the antioxidant response (SOD, CAT, GSTs, glutathione) at 6 µg Cu/L was enough to 
maintain similar levels of LPO compared to 0.3 µg/L.  Even though at 6 µg Cu/L protein 
damage (PC) increased significantly (2-fold) the total protein content also increased 
compensating the higher damage (Santos et al., 2016). GSTs activity can help to 
minimize the effects of LPO products in cells. Higher glutathione concentrations allow 
higher efficiency of cytosolic metal complexation and higher availability of substrate for 
the transformation of aldehydes into less toxic compounds, reducing metal deleterious 
effects and contributing for this species tolerance. The effort to synthesize proteins was 
supported by the increase of amino acids showed by the metabolomics analysis.  
At 10 µg/L, CAT activity was maintained but SOD was severely inhibited, evidencing the 
higher vulnerability of SOD to oxidative stress. Previous studies using biochemical 
approaches to assess Cu toxicity  showed a general increase of the antioxidant activity 
and LPO levels (Mallick, 2004; Rijstenbil et al., 1994). Morelli and Scarano, (2004) used 
10 µM Cu (635 µg/L) in Phaeodactylum tricornutum (during 7h, 24h and 48h) and 
observed an increase in LPO and in SOD and CAT activity. Sabatini et al. (2009), 
exposing two green algae during one week to Cu concentrations ranging from 6.2 to 414 
µM (394 µg/L to 26 mg/L) reported increases in protein and GSH content and in SOD 
and CAT activity. 
 
3- Metabolomic response 
At 0.3 µg Cu/L, an increase in the metabolite profiling was noticed. However, significant 
alterations were only observed in lipids, evidencing lipids as the most sensitive 
metabolites to low Cu stress.  Real et al. (2003), used concentrations of 44 µg Cu/L in a 
simple aquatic food chain. The biofilm lipid content increased, in agreement with what is 
shown in our study, also evidencing lipids importance in Cu toxicity. At higher Cu stress, 
our results showed that lipids unsaturation decreased, which may conduct to a decrease 
in membrane fluidity, but also rendering membranes more tolerant to oxidation, and thus 
allowing the preservation of membrane integrity under oxidative conditions (Upchurch, 
2008).  The oxidation of fatty acids (FA) is generally dependent on the unsaturation level, 
the higher the unsaturation the higher the susceptibility to oxidation (Richard et al., 2008). 
The increase in the content of docosahexaenoic acid (DHA) and the decrease of 
hexadecanoic acid (palmitic acid), which are the most and the least susceptible FAs to 
oxidation, respectively (Richard et al., 2008), was observed in our study and support that 
Cu induced a mechanism preserving membrane integrity. Eicosapentanoic acid (EPA) 
is an effective O2− scavenger and increased at high Cu concentrations compared to the 
control.  Both, EPA and DHA, where described to scavenge ROS (Richard et al., 2008),  
and may indicate the attempt of T. flocculosa cells to control lipid peroxidation and 
decrease the vulnerability to Cu toxicity.   
At high Cu stress, unsaturated FA are oxidized by ROS, increasing FA peroxidation and 
their degradation products. Lipid peroxidation products are toxic to cells, interfering with 
molecules such as proteins (PC) and inactivating enzymes (Birben et al., 2012). These 
products are converted into less toxic compounds, such as the alcohol 1- Hexadecanol 
by biotransformation enzymes, such as GSTs to minimize damage (Regoli and Giuliani, 
2014).  
Monoglycerols, as 2-palmitoyl glycerol, are derivates from triacyclglycerols β-oxidation 
(Du and Benning, 2016; Guschina and Harwood, 2006; Sato et al., 1986; van den Berg 
et al., 2006)The increase of monoglycerols and glycerol, observed in this study, evidence 
the use of storage lipids as energy source in severe stress situations, as elevated Cu 
concentrations, evidencing the low energy status of cells.. As diatoms accumulate large 
amounts of storage lipids and lipids are very energetic, their oxidation constitutes an 
efficient way to provide the energy needed to fuel mechanisms conferring tolerance to 
Cu. 
The severe decrease in amino acids observed at high Cu concentrations was consistent 
with the decreasing trend of proteins. Specially Alanine, Valine, Glutamine, Arginine and 
Lysine, which are main constituents and precursors of proteins synthesis decreased 
steadily. Real et al. (2003), Prat et al. (1987) and Luderitz and Nicklisch (1989) showed 
decreases in protein content in stream biofilms exposed to metals. Jamers et al. (2013) 
also found changes in the content of amino acids (for example decrease of serine) when 
Chlamydomonas reinhardtii was exposed to different Cu concentrations. In our study, 
serine evidenced an opposite trend, increasing as Cu concentrations increased.  Serine 
provides methyl groups for DNA methylation, thus controlling gene transcription 
(Maddocks et al., 2016) and it is also important in proteins with serine residues that can 
be phosphorylated, as kinases, which are involved in cell signalling. Thus, the increase 
in serine at high Cu concentrations, evidences the cells attempt to fight the stress 
induced by Cu. In turn, Glutamine is deaminated to glutamate and further to glutaric acid 
for energy production in Krebs cycle, explaining the increase in glutaric acid observed in 
our work at higher Cu concentrations.  Valine and Arginine feed the biosynthesis of 
secondary metabolites as terpenoids, which increased at higher Cu concentrations 
(Hildebrandt et al., 2015). 
Diterpenoids, some of which have antioxidant properties (Ayyad et al., 2011; Foti et al., 
1994; Kabouche et al., 2007), increased as Cu concentrations increased. Due to their 
lipophilic nature, diterpenoids may be able to protect membranes from peroxidation and 
render cells more tolerant to Cu toxicity. The linear increase of diterpenoids to Cu 
concentrations, evidences these compounds as excellent markers of Cu exposure. The 
decrease of phytol, a constituent of chlorophylls, at high Cu concentrations may be 
related to the inability of cells to maintain chlorophyll synthesis (Hildebrandt et al., 2015). 
Phytol was also reported to feed the biosynthesis of tocopherols, which are well known 
lipid antioxidants and are able to protect membranes from peroxidation (Mach, 2015; 
Pinto et al., 2003; Tripathi et al., 2006).  
Hydroxylamine (an analogue of hydroxyproline) is a constituent of a fibrous protein in the 
diatom silicified wall (Round et al., 1990). Its decrease may thus be related to alterations 
in the frustule formation and to teratologies. In a previous study, it was shown that 
exposure to Cd affected the silicate ordering during frustule synthesis, probably by 
interfering with frustule peptides involved with diatom biosilification  (Heredia et al., 
2012). 
Tris 2,4 di-tert-butylphenyl phosphate increased as T. flocculosa was exposed to 
increasing Cu concentrations. This compound was isolated from Vitex negundo leaves 
and was also reported to have antioxidant properties (Vinuchakkaravarthy et al., 2011). 
Thus, the increase of this compound may be also related with the effort of T. flocculosa 
cells to fight the oxidative stress generated by Cu. 
Alterations in metabolic pathways synthetizing compounds involved in stress tolerance, 
enzymes activity or extracellular metal ions immobilization are processes that require 
energy. And thus, at high Cu concentrations T. flocculosa cells decrease the storage 
reserves (lipids) and increased the electron transport system activity (ETS) to supply the 
energy demand to trigger defence mechanisms and render cells more tolerant to Cu. 
5. Conclusions: 
This study generated fundamental knowledge that may help to assess the effects of 
environmental relevant concentrations of Cu using responses at the biochemical, 
physiological and metabolomics levels.  The three studied Cu concentrations caused 
different responses in T. flocculosa, ranging from a relatively low stress response, to an 
active response that can control damages but at the cost of an increased energy demand 
and increased metabolism to an extreme stress response where several important cell 
pathways are affected, leading to cellular damages and growth inhibition. Based on this 
study new research should be conducted to test the new proposed markers in other Cu 
concentrations and in other organisms individually (different algae species) or in 
assemblages (biofilms). 
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Figure 1 – Physiological responses of Tabellaria flocculosa  cells exposed for 96h to 
different Cu concentrations (0, 0.3, 6 and 10 µg/L). A) Growth of TFLO. B) Intracellular 
Cu concentrations (n.d.- not detected). C) Lipid peroxidation (LPO). D) Protein 
carbonylation (PC). E) Total protein, (Prot). F) Mitochondrial electron chain activity 
(ETS). G) Attached exopolysaccharides (EPS) and H) Frustulins (Frust). For growth (A) 
values are means (+ standard deviation) of 36 replicates from 12 independent 
experiments; for intracellular Cu (B), LPO (C), PC (D), Prot (E) and ETS (F) values are 
means (+ standard deviation) of 6 replicates from 2 independent experiments; and for 
EPS (G) and Frust (H) values are means (+ standard deviation) of 12 replicates of 4 
independent experiments. For each parameter, lowercase letters indicate significant 
differences among Cu exposures p<0.05. 
  
Figure 2 – Antioxidant response of Tabellaria flocculosa (TFLO) cells exposed 
for 96h to different Cu concentrations (0, 0.3, 6 and 10 µg/L). A) Superoxide 
dismutase (SOD). B) Catalase (CAT). C) Glutathione S-transferases activity 
(GSTs). D) Reduced (GSH) glutathione. E) Oxidized (GSSG) glutathione. 
Values are means (+ standard deviation) of 6 replicates from 2 independent 
experiments. For each parameter lowercase letters indicate significant 
differences among Cu exposures p<0.05 
 
 
 
 
 
 
  
 
Figure 3 – Principal Coordinates (PCO) with Centroids ordination of Tabellaria 
flocculosa  cells exposed for 96h to different Cu concentrations (0, 0.3, 6 and 10 
µg/L). Pearson correlation vector imposed lipid peroxidation (LPO), protein 
carbonylation (PC), electron transport chain (ETS), oxidized glutathione (GSSG) 
and superoxide dismutase (SOD) concentrations (r>0.90). 
 
Figure 4- Metabolomic analysis of Tabellaria flocculosa cells exposed for 96h to 
different Cu concentrations (0, 0.3, 6 and 10 µg/L). A) Total peak area from 123 
compounds. B) Number of compounds differing significantly (p<0.05) between 
two conditions. C) Distribution of compounds by chemical family (based on peak 
areas). Values are means (+ standard deviation) of 3 replicates from 1 
independent experiment. 
 
 
  
 
 
Figure 5- Metabolomic profiling (total peak area) of Tabellaria flocculosa (TFLO) 
cells exposed for 96h to different Cu concentrations (0, 0.3, 6 and 10 µg/L) and 
ratio (control/ Cu condition) of biological relevant compounds for each family of 
compounds. A) Lipids. B) N-compounds. C) Sugar related compounds. D) 
Terpenoids; E) Others. Values are means (+ standard deviation) of 3 replicates 
from 1 independent experiment. Lowercase letters indicate significant 
differences among Cu exposures p<0.05. 
 
 
